A cute lateral ankle sprain has been documented as the most common musculoskeletal injury in physically active individuals, 50 with an incidence rate of 2.15 per 1000 person-years in the United States. 45 Research suggests that individuals who sustain an ankle sprain are more susceptible to reinjury, which can result in a cascade of long-term issues. 39 Chronic ankle instability (CAI) is a term used clinically to define patients who experience prolonged functional deficits and subjective reports of instability following an acute ankle sprain. Over time, patients with CAI can show a reduction in physical activity, decreased health-related quality of life, and increased risk of developing ankle osteoarthritis compared to healthy individuals. 3, 33 Finding an effective means of minimizing the long-term sequelae of CAI remains a paramount issue in the field of sports medicine. Recent efforts have been made to establish rehabilitation protocols specific to CAI patient populations to help prevent repetitive injury and diminish long-term deficits. 10, 12, 13, 19, 20, 28, 32, 34, 42, 46, 47 The ultimate goal in developing these rehabilitation programs is to reduce both subjective and objective deficits associated with CAI. Subjectively, individuals with CAI typically report ongoing symptoms of "giving way," or a temporary uncontrollable sensation of instability in the affected ankle. 7, 23, 26 Objectively, patients with CAI experience a decrease in strength and range of motion, impaired functional performance, compromised proprioception, and poor neuromuscular control. 5, 8, 9, 36, 43 U U STUDY DESIGN: Laboratory-based, crosssectional study. U U BACKGROUND: Functional performance tests (FPTs) assess short bouts of unilateral hops for either distance or speed. More research is needed to identify specific FPTs that may be useful for measuring asymmetry outcomes related to functional performance and perceived instability deficits in individuals with chronic ankle instability (CAI).
U U OBJECTIVES:
To identify FPTs that are sensitive to subjective and objective deficits associated with CAI.
U U METHODS:
Twenty-four subjects with unilateral CAI (10 male, 14 female; mean ± SD age, 20.7 ± 3.0 years) and 24 healthy, matched controls (10 male, 14 female; age, 20.1 ± 2.6 years) completed 5 unilateral FPTs in random order. Mean FPT scores and functional symmetry percentages were calculated and compared between groups using 2 separate 1-way multivariate analyses of variance (MANOVAs). Perceived instability symmetry percentages were compared between groups using a Mann-Whitney U analysis.
U U RESULTS:
There were no differences in the mean FPT scores (P>.05) or functional symmetry percentages (P>.05) between groups for any of the 5 FPTs. However, participants with CAI perceived greater instability when using their involved limb during the side hop (P = .02), 6-meter crossover hop (P = .003), lateral hop (P = .007), and figureof-eight hop (P = .008).
Although researchers and clinicians tend to agree on the target symptoms of CAI, there are large discrepancies between the outcome measures used to evaluate the success of rehabilitation programs. A detailed review of previous literature found 19 separate dependent variables that researchers have implemented to evaluate the success of the rehabilitation protocols. Such variables include laboratory-based measures (eg, center of pressure, 20 19, 20, 34 strength via a handheld dynamometer 10 ), and self-reported questionnaires with corresponding sport subscales (eg, Foot and Ankle Disability Index, 19, 20, 34 Foot and Ankle Ability Measure 13, 32, 47 ). While many of these dependent variables are used to measure improvements in balance and self-reported function, not a single outcome measure has been implemented to assess improvement in patients' perceived instability over the course of a rehabilitation protocol. This seems surprising, given that symptoms of perceived instability during functional activity are used to detect the presence of CAI in the first place. 17 Perhaps previous studies have failed to report perceivedinstability outcomes because research has yet to identify an effective means of capturing such information in patients with CAI in a controlled environment.
Functional performance tests (FPTs) offer a potential opportunity to assess perceived instability. Traditionally, FPTs have been used to assess patients' ability to complete short bouts of single-leg hopping tasks for either distance or speed. 29 When the patient completes these hopping tests bilaterally, the results of each extremity can be compared to determine whether asymmetry exists between the injured and uninjured limbs. 29, 38 Over the past few years, CAI research appears to have moved away from implementing FPTs to measure CAI treatment outcomes, due to inconsistent research findings. The majority of past research has found that single-limb hop tests lack sensitivity to detect lower extremity deficits in subjects with a history of ankle sprains, 8, 36, 49 while other studies found that individuals with CAI perform significantly worse on FPTs with the affected limb compared to the uninvolved limb and compared to healthy control subjects. 5 Despite the conflicting evidence surrounding the validity of functional outcomes obtained from FPTs, functional tasks present an opportunity for clinicians and researchers to measure perceived instability. To our knowledge, only 2 studies have evaluated symptoms of instability in subjects with CAI using unilateral hop tests. 4, 5 These studies found that individuals with CAI who answered yes to the question, "Did you feel unstable during the test?" demonstrated worse performance on these tests than individuals with CAI who responded no. 4, 5 Unfortunately, asking a simple yes/no question following a particular hopping task provides little help for clinicians looking to monitor fluctuations in symptoms over the course of rehabilitation. Patient-reported outcome instruments, such as the visual analog scale (VAS), allow patients to rate their perceived instability on a scale from 0 to 100, which provides a visual aid of how a chosen intervention might have altered subjective symptoms over time. 44 After performing the hop test on 1 limb, the patient can complete a VAS, and, similar to any functional outcome such as distance or speed, the perceived instability ratings can be compared bilaterally to determine whether asymmetry exists.
Surprisingly, there has been no research to identify specific FPTs that can detect asymmetries in both functional performance and perceived instability among individuals with CAI. The purpose of this study was to find FPTs that (1) can differentiate individuals with unilateral CAI from healthy control subjects based on functional performance outcomes, and (2) can accurately identify functional and perceived instability asymmetries in subjects with unilateral CAI. Given the results from previous studies, we hypothesized that the involved limb of those with unilateral CAI would perform symmetrically with the uninvolved limb and would perform similarly to the dominant limb of healthy control subjects. However, despite the functional similarities, we hypothesized that the FPTs would identify asymmetries in perceived instability between the involved and uninvolved limbs of individuals with CAI, making FPTs a potential assessment technique for measuring improvements following rehabilitation interventions.
METHODS

Participants
T wenty-four healthy control subjects (10 male, 14 female; mean ± SD age, 20.1 ± 2.6 years; height, 171.5 ± 9.2 cm; weight, 69.1 ± 12.0 kg) and 24 subjects with unilateral CAI (10 male, 14 female; age, 20.7 ± 3.0 years; height, 168.1 ± 8.0 cm; weight, 65.2 ± 11.2 kg) were recruited from a large Midwest university by posting advertisements around campus. The participants in the control group were matched to those with CAI according to sex, height (±10 cm), mass (±10 kg), and limb length (±8 cm). All subjects were physically active and participated in at least 120 minutes of exercise per week at moderate intensity. Subjects were included in the CAI group if (1) 1 limb scored an 11 or greater on the Identification of Functional Ankle Instability questionnaire, (2) the contralateral limb had no history of instability or giving way, and (3) the subject's last ankle sprain occurred more than 3 months prior to enrollment. Subjects were included in the control group if they had no history of ankle sprains or ankle instability. Subjects were excluded if they had a history of displaced fractures or lower extremity surgeries, a neuromuscular disease such as multiple sclerosis or Parkinson's disease, answered yes to 1 of the questions on the Physical Activity Readiness Questionnaire, as recommended by the
American College of Sports Medicine, 1 or were unable to perform the functional tests. All procedures were approved by the university's Institutional Review Board for the Protection of Human Subjects. All participants consented prior to starting the study, and the rights of the subjects were protected.
Procedures
Functional Performance Subjects completed a 5-minute bike warm-up and additional stretching if needed, followed by 5 unilateral hopping tests (the FPTs). Three of the tests were completed for speed and measured in seconds (side hop, 6-meter crossover hop, figure-ofeight hop), while the other 2 tests were completed for distance and measured in centimeters (triple crossover hop and lateral hop). All subjects were allowed 1 to 4 practice trials before completing 3 successful trials for each FPT. If an error occurred, then the subject was notified and instructed to attempt the trial again. An error included losing balance, placing the contralateral limb down, hitting a line or a cone used to outline the FPT, or not landing on the test leg. The number of failed trials was recorded for each test. For the timed tests, an electronic timer (Speed Trap 2; Brower Timing Systems, Draper, UT) captured the data, while a standard tape measure captured the data for distance hopping tests. The order for each test and limb was counterbalanced at random for all participants. Distance FPTs The triple crossover hop test for distance was performed using the same 15-cm-wide line that was used for the 6-meter crossover hop test; however, instead of crossing over the line for speed, the subjects hopped 3 times as far as possible, crossing the 15-cm-wide line with each hop (FIGURE 1D) . For the lateral test for distance (FIGURE 1E), subjects hopped laterally 3 times as far as possible. All distance FPTs were determined to have excellent reliability (ICC 2,1 = 0.93-0.96).
31,41
Perceived Ankle Instability Perceived ankle instability was measured using a 0-to-100 VAS. Subjects were asked, "How unstable did your ankle feel during the test?" Stability was defined as the ability to perform the FPT without feeling concern/fear of injury to the ankle. A higher value indicated more instability while performing the test. The VAS was completed following 3 successful trials for each FPT and limb.
Data Processing
First, mean functional performance scores were calculated for each FPT and limb, using scores from 3 successful trials. Second, symmetry values were calculated to assess (1) physical function symmetry and (2) perceived instability symmetry. The equations used to calculate symmetry values are described below.
Physical Function Symmetry Values Physical function symmetry values for each FPT were calculated using mean scores from 3 trials. We used the equation (nondominant limb/dominant limb) × 100 to calculate physical function symmetry for the control group. The definition of limb dominance was the leg the subject would use to kick a soccer ball. We used the equation (involved limb/uninvolved limb) × 100 to calculate physical function symmetry for the CAI group. For timed FPTs, a final symmetry value greater than 100% indicated that the involved or nondominant side performed worse, while a symmetry value less than 100% indicated that the involved or nondominant limb performed better. For distance FPTs, a final symmetry value greater than 100% indicated that the involved or nondominant side performed better, while a symmetry value less than 100% indicated 
Statistical Analysis
To estimate the appropriate sample size, we conducted a power analysis before the study. An alpha level of P = .05 was set a priori, and power was set at 80%. The effect size was estimated at 0.43, which was calculated based on previous VAS and functional performance literature. 5, 21 Results of a power analysis in G*Power (Version 3.0.10; HeinrichHeine Universität, Düsseldorf, Germany) indicated that 23 participants per group would provide sufficient power. Functional Performance Two separate 1-way multivariate analyses of variance (MANOVAs) were completed to compare physical function between the CAI and control groups for all 5 FPTs. The first MANOVA was performed to identify statistical differences in mean performance scores between the dominant limb in the control group and the involved limb in the CAI group. The second MANOVA compared physical function symmetry values (percent) between the CAI group and the control group. Frequencies were also calculated for the number or failed trials while performing each test. Prior to performing the 2 MANOVAs, the physical function data were evaluated to ensure that all assumptions were met. First, we inspected box plots and found no evidence of univariate outliers, and there were no multivariate outliers in the data according to our calculated Mahalanobis distance values (P>.001). Second, normality was confirmed, based on the results from Shapiro-Wilk tests (P>.05) and z scores calculated from skewness and kurtosis values (z score, ±2.58). Third, an absence of multicollinearity was determined by performing Pearson correlations, which found that the dependent variables were moderately correlated but did not exceed 0.80. Fourth, there was a linear relationship between each FPT for both the CAI and control groups, as assessed by scatter plots. Finally, Box's M test of equality of covariance matrices indicated homogeneity of variance-covariance matrices for the performance scores (P = .045) and the functional symmetry percentages (P = .013). Perceived Instability Visual analog scale instability symmetry values were not normally distributed and warranted a nonparametric statistical analysis. Therefore, 5 separate Mann-Whitney U tests were run to determine whether there were differences in perceived instability symmetry between the CAI group and control group. All statistical analyses were conducted using IBM SPSS Version 24 (IBM Corporation, Armonk, NY), and an a priori alpha level was set at P<.05.
RESULTS
O
n average, both healthy and CAI groups reported participating in 180 to 239 minutes of weekly exercise, at an average intensity of 6 on a Likert scale of 0 to 10 (0 indicating "sedentary" and 10 indicating "very high intensity"). All subjects in the CAI group were right limb dominant, and only 2 of the healthy subjects were left limb dominant. The CAI group had an average Identification of Functional Ankle Instability questionnaire score of 17.9 ± 4.5 for the involved limb. The involved limb was on the dominant side for 23 of the 24 subjects with CAI.
Functional Performance
The results of the first 1-way MANOVA found no significant difference in mean performance scores between the dominant limb of the control group and the involved limb of the CAI group (Wilks' λ = .90, F 5,42 = 0.93, P = .48, partial η 2 = 0.10) (FIGURE 2) . The results of the second 1-way MANOVA found no significant difference in physical function symmetry values between the control and CAI groups (Wilks' λ = .81, F 5,42 = 2.0, P = .10, partial η 2 = 0.19). 
Perceived Instability Symmetry
Our results found that the control group perceived ankle instability more symmetrically between the dominant and nondominant limbs compared to the CAI group. The CAI group perceived [ research report ] more instability in the involved limb when completing the side hop (U = 177.0, z = -2.3, P = .02), 6-meter crossover hop (U = 148.5, z = -2.9, P = .003), lateral hop (U = 162.5, z = -2.7, P = .007), and the figure-of-eight hop (U = 160.5, z = -2.7, P = .008). However, there was no difference in perceived instability symmetry for the triple crossover hop between groups (U = 204.5, z = -1.8, P = .07). 
DISCUSSION
O
ur results indicate that subjects with unilateral CAI perceive significantly more instability (according to higher VAS scores) in their involved limb when performing the side hop, 6-meter crossover hop, figure-ofeight hop, and lateral hop tests. When interpreted alone, the instability outcomes presented here may seem intuitive. One might expect subjects with a history of giving way at the ankle to report instability when jumping and cutting on the involved limb. However, despite feeling unstable, our subjects with CAI produced similar physical function outcomes bilaterally and compared to healthy controls. These findings provide further justification that individuals with CAI may not experience functional deficits at all. 8, 36, 48 Instead, the long-term deficits of CAI may stem from subjective reports of instability and giving way. Patients with CAI feel unstable, are in constant fear of reinjury, and thus refrain from regular physical activity, resulting in a decreased health-related quality of life. 27 While the cause of "feeling unstable" during functional activity remains speculative, researchers believe that sensorimotor control deficits contribute to symptoms of perceived instability. 24, 30, 37 Previous studies have found that subjects with CAI have diminished eversion force sense, 2 altered motoneuron pool excitability, 35 delayed reaction time of peroneal muscles, 15 and poor dynamic balance. 18 These past results imply that clinicians should begin treating sensorimotor deficits following acute ankle sprains, but the only way to accurately measure improvements of the aforementioned outcomes is via laboratory equipment such as force plates, electromyographic recordings, and nerve stimulators. Unfortunately, clinicians rarely have access to such equipment, making it impossible to measure certain sensorimotor deficits in a clinical environment. Some studies have evaluated the effectiveness of noninstrumented techniques, including the BESS 11 and SEBT, 18, 25 to identify deficits in static and dynamic postural control, respectively. These functional-assessment techniques are affordable to implement and have been shown to detect deficits in balance associated with poor sensorimotor control in subjects with CAI. 11, 18 However, the SEBT and BESS do not mimic functional activities often performed during sport participation. Clinicians may implement treatment strategies to improve SEBT outcomes only to discover that subjective reports of instability continue to persist during physical activity. We propose that implementing FPTs to measure ankle instability and functional performance simultaneously saves time for the clinician and provides a more meaningful outcome for evaluating symptoms of CAI during sport-specific movements.
Functional Outcomes Using FPTs
Return-to-play protocols often encourage the use of FPTs to determine when an athlete is ready to participate in competitive sports without restrictions. Functional performance test outcomes (distance hopped or time to completion) of the involved limb are often compared to those of the uninvolved limb to determine whether unilateral deficits persist. According to current guidelines, return to play following acute lower extremity injuries should be granted only if the pa- tient reports no pain, 40 exhibits normal joint kinematics, 22 and the performance of the injured limb during hopping tasks is at least 80% that of the healthy limb. 6, 16, 29 However, these guidelines were established according to expert opinion alone. Our results highlight the potential risk of granting full return to sport even when athletes appear to be functionally symmetrical.
Depending on the FPT used, healthy people may appear to have asymmetrical limb performance, due to limb dominance or training habits that strengthen one side of the body. On average, the healthy control group completed the side hop test 7% faster using the nondominant limb and jumped 4% farther on the triple crossover hop using the nondominant limb. The CAI group displayed, at most, 2% asymmetry between limbs for all 5 FPTs. These side-by-side symmetry results raise questions about whether asymmetrical limb performance on any single hop test technique should be considered a standard return-to-play outcome. Perhaps the sensorimotor control deficits experienced by individuals with CAI cause more symmetrical physical function outcomes rather than obvious bilateral differences. Future research should obtain normative symmetry values from a variety of different physically active cohorts to determine normal physical function symmetry outcomes for each FPT. These normative values could then be used for comparison purposes during return-to-play decisions.
Instability Outcomes Using FPTs
To our knowledge, the present study is the first to implement a VAS to measure subjective reports of perceived instability following completion of FPTs. One previous study 14 administered a VAS to subjects with CAI to evaluate how "difficult" the test was to complete. We consider the assessment of "difficulty" associated with the performance of a task to be subjective and to provide little insight to help evaluate the severity of instability symptoms or to monitor Among the 4 tests that produced significant instability asymmetry among subjects with CAI, the median difference in VAS scores between the involved and uninvolved limbs was relatively low. An important distinction of these results is that the VAS values presented in this paper represent a comparison between limbs. In many instances, the subjects with CAI reported feelings of instability in their uninvolved limb as well as their involved limb, which may indicate deficient motor control mechanisms occurring within the central nervous system rather than damaged peripheral mechanoreceptors of the injured limb alone. 24 Repetitive injury to one limb alters the central processing of motor control and causes problems on both sides of the body. 37 The triple crossover hop was the only test in which the CAI group did not perceive significantly higher feelings of instability in the involved limb. However, the triple crossover hop test caused the greatest number of subjects with CAI to report feelings of instability bilaterally. More specifically, 17 of the 24 subjects with CAI reported some level of instability when using the uninvolved limb to complete the triple crossover hop. While the triple crossover hop test caused feelings of instability in the subjects with CAI, the symmetry values were not significant, due to possible sensorimotor deficits occurring bilaterally. Given these results, we recommend that clinicians take into account feelings of instability in both limbs and apply interventions bilaterally to address these deficits.
Limitations
This study had limitations. First, some subjects might have suffered from fatigue during the functional assessment because the tests were performed in a single testing session. To avoid fatigue, we implemented strategies consistent with previous FPT research, 5, 9, 48 such as requiring a mandatory 30-second rest between trials, encouraging participants to take as many breaks as needed, and counterbalancing the order of the tests. Second, the psychometric properties of the VAS assessment have yet to be established for measuring perceived instability at the ankle. Future research should evaluate the reliability and responsiveness of the VAS as clinicians monitor perceived instability over the course of rehabilitation. Third, our study did not discriminate against the type of physical activity frequently performed by both control subjects and those with CAI. Future research would do well to match the control and CAI groups according to whether the subjects frequently participate in proprioceptive exercises that may mimic the skills required to complete the FPTs.
CONCLUSION
O
ur results indicate that subjects with CAI experience significant feelings of instability when performing unilateral hopping tests, even if the involved limb appears functionally normal. This finding is of considerable importance for clinicians who treat patients with a history of recurrent ankle sprains. Determining the success of rehabilitation protocols by evaluating functional improvements alone may prove insufficient. Instead, clinicians should consider implementing a VAS upon completion of the side hop, 6-meter crossover hop, figure-of-eight hop, and lateral hop tests to determine whether symptoms of perceived instability persist. In doing so, specific interventions aimed at improving subjective reports of instability can be prescribed in a timely manner in an effort to prevent chronic deficits at the ankle. U
KEY POINTS FINDINGS:
Participants with unilateral chronic ankle instability experienced greater feelings of instability in the involved limb while performing unilateral hopping tests, despite the lack of functional deficits. IMPLICATIONS: Clinicians should consider administering a visual analog scale following functional performance testing to measure perceptions of instability in patients with a history of ankle sprains. CAUTION: Results should be interpreted with caution due to the lack of generalizability of our patient population.
